Abstract Western Poland is located in the central European climatic transition zone, which separates the mild and humid Atlantic climate of Western Europe and the East European continental climate. This region is sensitive to lateral shifts of the European climate zones and is particularly suitable for reconstructing Holocene climate variability. This paper presents detailed analyses of the sedimentary record from Lake Strzeszyńskie since the Late Pleistocene. These include smear-slide and thin-section observations, X-ray fluorescence core scanning, magnetic susceptibility measurements, pollen analyses, and radiocarbon dating. The sediment record reveals three distinct sedimentary units consisting of: (1) an alternation of sand layers and laminated silt and clay deposits accumulated prior to 14,600 cal yr BP; (2) faintly laminated calcareous sediments intercalated with organic matter-rich layers deposited between 14,600 and 10,200 cal yr BP; and (3) massive calcareous mud deposited after 10,200 cal yr BP. The Holocene period is marked by nine phases of organicrich sedimentation and enhanced Fe deposition, which occurred at ca. 10.1, 9.3, 6.4-6.1, 5.5-5.1, 4.7-4.5, 2.7-2.4, 1.3-1.2, 0.8-0.6, 0.4-0.2 kyr cal BP. These phases are associated with high lake levels and correspond with wet periods recognized in several other records from Poland and central Europe. These phases partly coincide with North Atlantic cold periods, which may suggest that high lake levels are triggered by an ocean-continent linking mechanism.
Introduction
The central European transitional climate zone migrated over central Europe on decadal to millennial time-scales, mostly due to external forcing mechanisms (Ljungqvist et al. 2016) . However, the complex reconstruction teleconnections amongst the cryosphere, ocean and atmosphere are often biased by more-local influences in terrestrial records (Magny 2004) . Therefore, a robust reconstruction of the Holocene climate variations over the European continent requires a good geographical coverage of welldated paleoclimatic records.
Poland might be particularly sensitive to such shifts of the European climate zones due to its position between the western and eastern European climate zones . Several records have documented variations in the effective precipitation in Poland associated with the migration of the central European transition zone (Gałka et al. 2013 Lamentowicz et al. 2015; Słowiński et al. 2016; Apolinarska and Gałka 2017) . Twelve distinct wet periods lasting from one hundred up to one thousand years have been identified over Poland during the Holocene ). However, current regional paleoclimatic reconstructions of Poland suffer from the relatively poor spatial coverage of detailed and well-dated records.
The extensive distribution of postglacial lakes that cover the Weichselian moraine landscape of the central European lowlands provides a good potential for additional Holocene climatic records. Lake records have been used, for instance, to reconstruct Late Quaternary lake-level variations and associated changes in effective precipitation (Magny 2004) . Changes in water volume often reflect ecological, physical and chemical processes that control the rate of calcite carbonate precipitation and dissolution, which can effectively be traced in the sedimentary record (Haberzettl et al. 2005; Pompeani et al. 2012; Ohlendorf et al. 2013; Dietze et al. 2016) .
This paleolimnological study presents the postglacial sediment record from Lake Strzeszyńskie. Changes in the sediment composition of this welldated record provide first indications of nine episodes associated with elevated lake levels and effective precipitation during the Holocene.
Regional setting Lake Strzeszyńskie is located in the eastern part of the Poznań Lake District of western Poland (Fig. 1) . The NW-SE elongated lake basin is part of a glacial tunnel valley (Fig. 1d) . It was formed during recession of the Weichselian ice sheet, which retreated from the area around 18.5 ka BP (Kozarski 1995) . The surface sediments of the relatively small catchment (8.1 km 2 ) consist of glacial till and glaciofluvial sand and gravel deposits (Fig. 1e) . Holocene peats are found locally in the catchment area and outcrops of Neogene clay and silt deposits are found in glaciotectonically deformed moraines of the Morasko hill (Karczewski 1976; Stankowski 2008) .
Lake Strzeszyńskie covers an area of 0.349 km 2 and consists of two main depressions with a maximum depth of 17.8 m (Fig. 1c) . Two small and intermittent streams enter the lake at the North, and two outflows are located at the South of the lake. Insignificant surficial inflows suggest that groundwater is the primary source of recharge to the lake. The mean annual precipitation of 528 mm is relatively low and has varied from 321 to 764 mm over the last few decades (Woś 1994) . Precipitation is highest in July and lowest in February. The mean temperatures are below zero between December and early March. Lake Strzeszyńskie is dimictic and became eutrophic in recent years due to increased nutrient supply by enhanced anthropogenic activities (Szeląg-Wasielewska 2004) .
Materials and Methods
Sediment core Strze3a was recovered close to the deepest part of the lake in 2015 (Fig. 1c) using a 60-mm-diameter UWITEC piston corer. All the core segments were split lengthwise, were visually described according to Schnurrenberger et al. (2003) and were photographed directly after opening. Magnetic susceptibility was measured every 2 mm directly at the split core surface using an automatic logger equipped with a Bartington MS2E device (Nowaczyk 2002) . The elemental composition was measured every 2 mm non-destructively using an ITRAX XRF core scanner (Croudace et al. 2006) . XRF scanning was performed with a Cr X-Ray source (30 kV/30 mA) and an exposure time of 10 s. The analytical precision was obtained from replicate measurements that were obtained at three intervals of * 2 cm for the most-prominent lithologies in each of the sediment segments. The ITRAX XRF scanner provides element intensities that are calculated by peak integration of the measured XRF-spectra after background subtraction and deconvolution. The obtained element intensities are non-linear functions of element concentrations predominantly due to matrix absorption and enhancement effects (Weltje and Tjallingii 2008) . Therefore high-resolution XRF scanning records are presented as log-ratios of element intensities as these are a linear functions of log-ratios of concentrations and allow the application of meaningful multivariate statics (Weltje et al. 2015) . Compositional changes are explored using biplots of the log-transformed XRF data that visualize the loadings (variables) and scores (data points) of the principal component analyses (PCA). The length of the loadings reveals the relative strength of the variables, and the orientation indicates the correlation of the elements. Positively correlated elements will have a similar orientation in the biplot, whereas negatively correlated elements are located opposite each other. Samples for thin sections (100 9 15 9 35 mm) were obtained at depths between 510 and 410 cm and between 210 and 300 cm. These samples were prepared after Brauer Fig. 1 Map of Lake Strzeszyńskie and drainage region. a Location of the region of interest within Europe. b Map of Poland with marked study site: Lake Strzeszyńskie as well as sites with well-studied lake records from the region discussed in the text. c Bathymetry of Lake Strzeszyńskie and coring site of the Strze3a sediment core. d, e respectively present a simplified morphology and surficial geology of the Lake Strzeszyńskie catchment J Paleolimnol (2018) 59:443-459 445 and Casanova (2001) and used for micro-facies analyses under a microscope. Smear slides were prepared for the remaining parts of the core and were analysed under a microscope. Samples for pollen were analysed every 15-50 cm using * 1 cm 3 bulk sediment. The samples were processed according to the standard method described by Berglund and Ralska-Jasiewiczowa (1986) . Pollen percentages were preferably calculated on [ 500 counts of pollen grains, except for core segment 51, where the pollen concretions are too low. Telmatophytes and limnophytes were excluded for normalization of arboreal pollen (AP) and non-arboreal pollen (NAP). Pollen spectra were analysed as a support to the age model and to indicate the main stages of vegetation cover development in the lake catchment.
Altogether, 30 radiocarbon ages were obtained from the bulk sediment samples and analysed by the Poznań Radiocarbon Laboratory (Table 1 ). There are very few macrofossils in the core, so the analyses focused on bulk sediments. To assess effects of older carbon 6 samples were extracted following Brock et al. (2010) to determine the 'residual' (alkali-insoluble or ''humin'') and 'soluble' (alkali-soluble or ''humic'') fractions. Separation of the residual and soluble fractions can help to distinguish between terrestrial and aquatic or bacterial sources (Meyers and Ishiwatari 1993) . The radiocarbon chronology was constructed using the 14 C AMS results of 16 bulk sediment samples and 6 residual fractions in combination with 2 biostratigraphical markers. The radiocarbon results were converted into calendar years using the IntCal13 calibration curve (Reimer et al. 2013) with 2r precision. Construction of an age-depth model was performed with the Bacon software (Blaauw and Christen 2011) and with linear interpolation between the stratigraphic age points and between the stratigraphic age point and the oldest 14 C date used in model. The Bacon software performs Bayesian age-depth modelling that includes the dating probability distribution and excludes negative sediment accumulation rates.
Results

Sediment chronology
Most of the obtained 14 C ages continuously increase with depth (Table 1 ). For 7 bulk sediment samples, the calibrated ages are out of chronological order. The minimum age reversals are between 40 and 200 years, except for a sample from the 642.1-642.6 cm depth that is at least 2000 years older than the sample taken below.
For 6 samples, the age is assessed for soluble and residual carbon fractions, which reveal that the age relationship between the fractions is not straightforward (Table 1) . Compared with the residual carbon fraction, the soluble fraction appears to be exactly the same age, a similar age, slightly younger or slightly older. The 2-sigma calibrated age ranges of the same sample in various fractions overlap in 3 cases. For the remaining 3 samples, the calibrated 2-sigma ranges differ by at least 40-250 years, and in case of two samples, the older age is in soluble fraction.
The age model (Fig. 2 ) of the Strze3a composite record was constructed using 22 radiocarbon samples and the two stratigraphic age points related to beginning and termination of Younger Dryas. These points were acquired based on the lithology, geochemical composition and biostratigraphy. The Bacon-based analysis combined with linear interpolation (applied to the core interval extended beyond the range of the oldest 14 C sample used in the model and to the stratigraphic gap between the 665 and 700 cm depth) reveal sediment accumulation rates ranging between 0.2 and 1.1 mm yr -1 . The highest values were noted during the early Holocene and the lowest during the middle Holocene.
Lithology and stratigraphy
The composite sediment record was constructed from the two parallel cores based on visual correlation of overlapping segments in combination with the magnetic susceptibility and Ca/Fe XRF records (Fig. 3) . The total composite record is 850 cm long, including a gap indicated between 665 and 700 cm, as there is no recovery for this part of the core. The main lithological units were defined based on visual core description and smear slide observations in combination with magnetic susceptibility and XRF-scanning data (Fig. 3) .
Lithological Unit-I (850-731 cm) is mainly composed of sand layers alternated by laminated silt and clay deposits. The base of Unit-I consists of medium to coarse sand (Fig. 3) followed by a 30-cm-thick laminated silt and clay deposit and a fine sand layer that is * 25 cm thick. Laminated silt and clay deposits are found continuously between the 789 cm depth and the boundary of Unit-I and Unit-II.
Unit-II (731-510 cm) consists of faintly laminated sediments that are intercalated with organicrich layers and show the presence of iron-sulfide minerals. The base of Unit-II is marked by a massive brown organic-rich layer that is * 15 cm thick and that marks the boundary between Unit-I and Unit-II. The smear slide observations of this layer show high amounts of amorphous organic matter, with only very few terrestrial-plant remains and siliceous microfossils. Detrital material of this layer consists predominately of quartz grains, with minor contributions of detritic carbonates, grains of epidote, limonite and zircon. Faintly laminated mud with relatively high amounts of authigenic carbonates, algae remains and diatoms are found above the brown organic-rich layer. Another organic rich layer is found above the gap between 665 and 654 cm. This layer consists of brownish sediments with amorphous organic matter and a moderate contribution of authigenic carbonates, diatoms, chrysophytes and clastic grains. A thin (* 0.5 cm) coarse-silt layer marks the boundary between the organic-rich layer and faintly laminated calcareous muds deposited between 654 and 588 cm depth. These sediments contain relatively low amounts of diatoms and a gradually decreasing organic content. The laminations terminate at approximately 588 cm depth, and the sediments become homogeneous. The boundary between Unit-II and Unit-III is clearly marked in the magnetic susceptibility XRF-scanning records ( Fig. 2 ) but is poorly constrained by visual observations. Unit-III (510-0 cm) is mainly composed of massive, gray calcareous mud with low to moderate amounts of chrysophytes, diatoms and iron-sulphide minerals. These homogeneous sediments are alternated by dark gray and often faintly laminated layers that are several cm thick (at 494, 445, 436, 275, 236, 211, 140, 131, 86, 55 and 25 cm) . Thin section observations reveal that the light laminae of these layers contain higher amounts of calcareous material, whereas darker laminae are mainly composed of chrysophytes, diatoms, iron-sulphides minerals and amorphous organic matter. A thicker layer of light gray and homogenous calcareous mud is found at a 100-123 cm depth, with mainly authigenic carbonates and chrysophytes.
Core scanning
Non-destructive magnetic susceptibility and XRF core scanning were obtained by relative magnetic properties and compositional variations of core Strze3a. The magnetic susceptibility values are high for the siliciclastic sediments of Unit-I (Fig. 3) . The scarcity of siliciclastic sediments and the abundance of ironsulphides in Unit-II and Unit-III suggest that lake oxygenation and diagenetic Fe reduction control the magnetic susceptibility record in this part of the core. The generally undifferentiated magnetic susceptibility record of Unit-III is interrupted by a distinct peak at a depth of 268 cm. XRF scanning provided intensity records of the elements Si, K, Ca, Ti and Fe, as well as Cr inc and Cr coh . The main geochemical variations of core Strze3a and lithological Units I-III were examined by exploration of the center-log-ratio transformed XRF-data using biplots (Fig. 4) . Biplots present the distribution of the geochemical element and the XRF scanning data with respect to the first and second principal components (PCs). Positively correlated variables/elements point in the same direction, whereas negatively correlated elements are located oppositely. The vector length of the variables indicates the strength of the variables but is also sensitive to elements with low count rates and high noise levels. To avoid misinterpretations introduced by analytical noise, the vector lengths were scaled by the precision of the elements using the replicate measurements (Weltje et al. 2015) .
The biplot of core Strze3a (Fig. 4a) shows three main groups of elements differentiating the element Ca, the variables Cr inc and Cr coh and the elements K, Ti, Si and Fe. The element Ca represents the variations of calcite and is negatively correlated with the siliciclastic elements. This indicates that calcite is not of siliciclastic origin but is rather authigenically formed. The third group of elements is represented by Cr inc and Cr coh and reflects the Compton (Cr inc ) and Rayleigh (Cr coh ) scattering of the primary radiation. The elements K and Ti are lithogenic elements, whereas Si can represent both siliciclastic minerals (e.g., aluminium-silicates, quartz) and biogenic silica. The redox-sensitive element Fe is commonly supplied by lithogenic sediments or groundwater but is often The heterogeneous distribution of the data points revealed by the biplot of core Strze3a (Fig. 4a) indicates relatively large compositional differences between the different lithological units. Therefore, the more homogenous lithological units are examined individually for a more reliable representation of the compositions. The biplot of Unit-I (Fig. 4b) shows an negative correlation between Ca, Cr inc and Cr coh on the one hand and the siliciclastic elements Ti, Si and K on the other. These elements dominate of the first PC, whereas Fe that is not clearly related to any of the other elements dominates the second PC. The deviation between Ti and Si suggests that Si reflects a mixture of siliciclastic sediments and biogenic silica. A similar distribution is shown for Unit-II, although the influence of the siliciclastic elements seems weaker in this unit (Fig. 4c) . Unit-III reveals a negative correlation between the elements Ca and Fe, between the variables Cr inc and Cr coh and between the elements Ti, Si and K (Fig. 4d) . The short loading vectors of Fe, Ti, Si and K suggest that these elements play only a minor role. Unlike the other stratigraphic units, unit-III reveals a more or less positive correlation between the elements Fe and Ti. The deviation between Ti and Si can be explained by the contribution of biogenic silica, whereas the orientation of K can be explained by the low amounts of siliciclastic sediment and high calcium carbonate concentrations. The positive correlation between Ca and K is a typical artefact for carbonaterich sediments resulting from the partly overlapping energy lines of K and Ca in the XRF spectrum.
Based on the elemental correlations revealed by the biplots, the main compositional variations can be summarized by log-ratios of Ca/Fe, Ti/Fe and Cr inc / Cr coh . Confidence limits of the XRF scanning results were calculated for each ratio pair using replicate measurements. All XRF records show a strong change at the boundary between the predominantly siliciclastic sediments of Unit-I and the organic-rich muds of Unit-II (Fig. 3) . Within Unit-II, the Ti/Fe values remain constant, while the Ca/Fe values decrease up to a 665 cm depth, increase again between 665 and 655 cm and then stabilize above. In contrast, the Cr inc / Cr coh values are relatively high up to a 655 cm depth, decrease between 665 and 655 cm and remain low throughout the upper part of Unit-II. The boundary between Unit-II and Unit-III is indicated by an increase in the Cr inc /Cr coh record and a decrease in the Ca/Fe records (Fig. 3g, h ). Unit-III reveals relatively high Cr inc /Cr coh and Ca/Fe values with several distinct and more-abrupt variations that correspond to dark gray sediment layers. The Ti/Fe record is relatively constant throughout Unit-III, with a slight drop between 80 and 300 cm followed by a gradual rise. Low concentrations of siliciclastic sediments and Ti values cause large uncertainties between 80 and 300 cm (Fig. 3) . With respect to the complete core, variations in the Ca/Fe are generally negatively correlated with the Cr inc /Cr coh record.
Pollen and Phytoplankton analysis
Pollen analysis reveals four main phases of vegetation development (Fig. 5) . The first (approximately 750-540 cm depth) represents a high amount of pioneer tree species Pinus and Betula with admixture of heliophilous herbs such as Artemisia. The lowermost sample revealed the presence of Hippophaë rhamnoides, which is characteristic for Late Glacial vegetation of the Bølling/Allerød period. Non-arboreal pollen (NAP) constitutes approximately 6% of the calculation sum AP ? NAP = 100%. Pinus and Betula are characterized by a distinct minimum of the latter and a concurrent maximum of the former between 720 and 665 cm. The main feature of the second phase (approximately 540-220 cm depth) is a high contribution of deciduous trees such as Alnus, Corylus avellana and Quercus that coincide with NAP minima. The third phase (approximately 220-80 cm depth) reveals a spread of Carpinus betulus and a decrease in Corylus avellana. This phase shows a decreasing concentration of AP and a concurrent appearance of Plantago lanceolata and, later, Secale cereale. Finally, the fourth phase (approximately 80-0 cm depth) shows a remarkable increase of herbaceous plants, mainly synanthropic taxa.
Phytoplankton in the lower part ([ 400 cm) of the core consists predominantly of Tetraedron and small amounts of Botryococcus (Fig. 5) . Phytoplankton remains are rare above 400 cm, apart from the uppermost 80 cm of the core, where Pediastrum increases.
Discussion
Chronology
The chronology of core Strze3a was constructed using 22 selected radiocarbon dates (Fig. 2) . Reworking of older material probably contaminated the organic matter that was deposited during the onset and early stages of lake sedimentation. This explains the large offset ([ 1000 years) indicated by the lowermost samples Poz-77052 and Poz-71066 with respect to the onset of lake sedimentation in this region (Kaiser et al. 2012; Michczyńska et al. 2013 ) and the biostratigraphy obtained from pollen. Therefore these two dating points were excluded. The soluble and residual carbon fractions were analysed separately in a selected core interval between 266 cm and 284.5 cm in order to assign precise age of the magnetic susceptibility peak at a depth of 268 cm, as well as to check for potential lake reservoir effect. The calibrated 2-sigma age ranges for both fractions overlap or are very close to each other (Table 1) , suggesting small impact of reservoir effect on the dates. However, the soluble fraction ages in the section are very similar and all of their 2-sigma ranges overlap, while the residual fraction ages are generally older in deeper samples and younger in the upper. This core interval shows a transition between massive grey calcareous mud and darker, organic-rich, calcareous mud. According to Hanebuth et al. (2009) soluble carbon fraction samples can provide slightly biased ages due to the diffusion of acids from organic-rich sediments into adjacent sediments. This may be also true for the present case. Therefore, the residual fraction 14 C dates were taken for age modelling. However, when soluble carbon fraction samples were included instead of residual fraction 14 C dates for the cross-checking of the results, the final model output was very similar.
Due to a lack of reliable dates for the bottom part of the core, its chronology is based on distinct litho-and geochemical boundaries combined with changes in pollen profiles. The changes of Betula and Pinus concentrations at this depth (Fig. 5) additionally support our assumptions, as they show similar patterns as those already recognized for this time period in Poland and eastern Germany (Enters et al. 2010; Milecka et al. 2011) . The onset and termination of the Younger Dryas in Poland have been dated accordingly at 12,650 and 11,520 cal yr BP (Goslar 1998 ), which we match with the clear changes in geochemical profiles at 715 and 655 cm, respectively (Fig. 3) . However, the large age uncertainty of the lower part of the sediment record prevents detailed climate reconstruction.
XRF data interpretation
Information about element distributions and compositional variations is obtained from biplot analyses after log-transformation of the elemental records (Fig. 4) . However, appropriate interpretations of the bulk geochemical records in terms of climatic proxies require complementary sedimentological information from microscope analysis of thin sections and smear slides. The elements Ti and Ca are negatively correlated throughout all of the stratigraphic units of core Strze3a (Fig. 4) . Thin section and smear slide observations confirm that the element Ti is related with the siliciclastic fraction and that Ca is constrained to authigenically formed calcite. The redox-sensitive element Fe appears uncorrelated with either Ti or Ca in Unit-I and Unit-II (Fig. 4b, c) , but it is slightly positively correlated with Ti and negatively correlated with Ca in Unit-III (Fig. 4d) . According to the log(Ti/ Fe) record, the amount of Fe is relatively low in Unit-I and not clearly constrained to the siliciclastic sediment fraction. Lower log(Ti/Fe) ratios suggest a relative increase in the Fe concentrations in Unit-II, but the correlation amongst Fe, the element Ca and the siliciclastic elements Si, K, Ti remained unchanged (Fig. 4c) . The decoupling of Fe and the siliciclastic elements in Units I and II could indicate the supply of Fe 2? by iron-rich groundwater discharge from aquifers in Quaternary deposits (Szczucińska 2016) . The dissolved Fe supplied to the lake from the catchment is often involved in the precipitation of iron (hydr)oxides when the water column overturns (Schettler et al. 1999; Boyle 2001; Bonk et al. 2015) . At present, such seasonal overturning of the lake occurs twice per year in Lake Strzeszyńskie (Jańczak and Sziwa 1995) . However, microscope observations show that Feminerals are mostly abundant as iron-sulfide framboides, indicating post-sedimentary iron reduction and overprinting the initial iron minerals deposited.
The differentiation of Ti, Ca and Fe indicated by the biplots supports the different syn-and post-sedimentary processes reflected by these elements (Fig. 4) . Although the biplots reveal a rotation, the correlations amongst Ti, Ca and Fe are fairly similar for Units I and II. The negative correlation between silicate element Ti and the elements Ca and Fe can be explained by sediment and ground water supply, respectively. The deviation between Ca and Fe can be explained by postsedimentary iron reduction, which does not occur for calcite. Microscopic observations in Units II and III reveal the presence of diagenetic iron-sulphide minerals that commonly form under euxinic conditions (Boyle 2001) . Fe and Ti are positively related, suggesting that iron-sulphur reduction occurred in the sediment and with minimal remobilization.
Variations in the Cr inc /Cr coh are related to the average atomic number of the sample or the relative sample attenuation (Croudace et al. 2006 ). The relevance of Cr coh and Cr inc is weak in Unit-I, indicating that variations in bulk sediment attenuation do not play a dominant role in this part of the core. Unit-II reveals a positive correlation between Cr coh and Cr inc with Ca, suggesting that variations in the carbonate content dominate changes in the bulk sediment attenuation. In contrast, Cr inc and Cr coh in Unit-III are not related to Ca or the siliciclastic elements Si, K, and Ti (Fig. 4) . Therefore, the variations of Cr inc and Cr coh are thought to reflect variations of organic matter, which, according to microscopic observations, is the principal non-siliciclastic and non-calcareous sediment fraction in this part of the core. This interpretation is supported by high log(Cr inc /Cr coh ) values that correspond with distinct organic-rich layers. It is also supported by several previous studies showing Cr inc /Cr coh as a potential proxy for organic matter variations in organic-rich lacustrine sediments (Guyard et al. 2007; Jouve et al. 2013 ).
Changes in lake sedimentation during the Late Pleistocene and Holocene
The retrieved sediment core likely reveals the complete record of the lake evolution from its origin shortly after the retreat of the Scandinavian Ice Sheet from the Poznań phase position at around 18.5 ka BP (Kozarski 1995) . The lowermost sand layers of Unit-I are most likely a record of this phase when fluvioglacial sediments were deposited by melt-water rivers or dead ice melting. The following laminated fine-grained sediments at * 790-731 cm are interpreted as the initial lake sedimentation. The pollen biostratigraphy reveals that the onset of organic-rich lake sedimentation at approximately 731 cm occurred during the warm Bølling or Allerød period. This section also shows a strong reduction in siliciclastic sediments, but no formation of authigenic calcite. The strong rise in log(Ca/Fe) at 720 cm indicates the change from organic-rich to faintly laminated calcareous mud (Fig. 3h) . This transition matches the onset of the YD, although the exact timing remains ambiguous due to the relatively large chronological uncertainties in this part of core Strze3a. The deposition of authigenic carbonates during the YD suggests environmental changes within the lake such as temperature, pH and Ca-saturation. The lake conditions further evolved toward the Holocene as reflected by the distinct increase of organic matter content on account of carbonates in overlaying sediments (between 665 and 654 cm depth) that, according to our age-depth model (Fig. 2) , represent later part of the of the YD. If our age estimations for this part of the core are correct, then YD appears to be distinguished by highly unstable lake sedimentation.
Holocene sediments are characterised by an increasing carbonate content reflected by log(Ca/Fe) record in lithologic Unit-II (Fig. 3) . The relatively high carbonate content and the concurrent development of Pinus-Betula forest (Fig. 5) is commonly reported for lakes of Poland and eastern Germany during this period, which has been associated with nutrient fixation in developing soils (Ralska-Jasiewiczowa et al. 1998; Enters et al. 2010; Apolinarska et al. 2012; Pedziszewska et al. 2015) . The partly preserved laminations suggest that calcite precipitation was controlled by seasonal lake internal variations.
The transition from Unit-II to Unit-III at around 10,200 cal yr BP shows a shift to more-organic sediments, possibly associated with the development of more dense deciduous forest, as indicated by Alnus, Corylus, Quercus and Ulmus pollen profiles (Fig. 5) . This shift occurring in correspondence to distinct magnetic susceptibility drop (Fig. 3f) suggesting the reductive diagenesis of magnetic iron oxides likely triggered by organic matter decomposition and related oxygen depletion in sediment-water interface (Snowball 1993) . The transition from Unit-II to Unit-III is followed by the long-lasting (until ca. 1600 cal yr BP) period with stable depositional conditions in the lake. The only evident changes are relatively short periods represented by the layers distinctly enriched in organic matter and depleted in carbonates, and a distinct peak in magnetic susceptibility around 5.9 kyr cal BP. The latter might coincide with the nearby Morasko iron meteorite shower that took place before 4.9-5.3 kyr cal BP (Stankowski 2008) and that resulted in the formation of several impact craters up to 100 m wide located approximately 5.7 km NE of Lake Strzeszyńskie. However, a lack of concurrent changes in sediment characteristics reveals that the environmental consequences of this event were probably restricted, as also suggested by the meteorite impact numerical modelling (Bronikowska et al. 2017) .
After ca. 1600, there is a higher contribution of anthropogenic indicators in the local flora (Fig. 5 ) that coincide with more organic sediments. This may be explained as the effect of enhanced erosion and higher trophy caused by deforestations and human activity within the catchment.
Lake-level changes during the Holocene
The transition from Unit-II to Unit-III at ca. 10,200 cal yr BP is followed by the long-lasting stable lake sedimentation conditions (Fig. 3) and minor vegetation shifts (Fig. 5) . The massive gray calcareous mud with intercalations of faintly laminated dark calcareous mud dominates the sedimentary record of Unit-III. These intercalations correspond to minima in log(Ca/Fe) and to increased log(Cr inc /Cr coh ) (Fig. 3) . Similar variations have been observed in postglacial lakes in Northern Germany, which are situated in a similar glaciofuvial landscape (Dietze et al. 2016) . The relative calcite variations observed in the lake sediments of Lake Strzeszyńskie could be linked to lake-level fluctuations, where periods of elevated water level correspond to lower calcite content in sediments. Calcite precipitation decreases during times when lake levels are high due to: (1) the saturation of Ca 2? being lower due to a larger water volume; (2) more energy being required for heating the lake to reduce the solubility of CaCO 3 ; (3) flooded shores providing extra organic acid input, which contributes to decreasing pH; (4) an elevated lake level associated with a cold period, in which case a low water temperature favours solubility of CO 2 , leading to a lower pH. It should be also stressed that the carbonate record is not linearly linked to lake-level changes (Ohlendorf et al. 2013) ; hence, we do not imply the amplitude of changes and confine our interpretation to the most pronounced minima relating to dark gray calcareous mud layers.
Altogether, we recognized 9 periods of high effective precipitation, and we numbered them from youngest to oldest (Fig. 6) . Layer no. 9 falls within the period around 10.1 kyr cal BP. This coincides well with the wetter phase in Poland at that time ) as well as with high water levels in the Jura mountains (Magny 2004) . According to Pędziszewska et al. (2015) , who found a similar record in Suminko Lake sediments (Fig. 1b) , the aforementioned wet phase could be related to a cold period triggered by a distinct disturbance of termohaline circulation that took place in the north Atlantic Ocean at the same time (Bond et al. 1997; Björck et al. 2001; Sternal et al. 2014) .
The next phase in the Lake Strzeszyńskie sediments is marked by the pair of dark gray layers that were dated to the period around 9.3 kyr cal BP. These layers are well correlated with wet conditions identified in other records at the same time (Fig. 6 ). Gałka and Apolinarska (2014) suggest that the high lake levels in northern Poland during this period could have been triggered by the change in the atmospheric circulation in the region due to the final decay of the Scandinavian Ice Sheet (Lauterbach et al. 2011) . However, because the lakes located significantly more to the south-west show the same trend (Magny 2004) , these high levels might be due, at least partly, to other factors.
Phases no. 7 (6.4-6.1 kyr cal BP) and 6 (5.5-5.1 kyr cal BP) correlate well with the high lake-levels in central Europe (Fig. 6d, g ) in contrast with phase no. 5 (4.7-4.5 kyr cal BP). However, all match known Polish wet phases (Fig. 6d, e) . Moreover phases no. 7 and 5 falls within the periods of reduced solar activity (Wanner et al. 2011) . However, whether this contributed to the observed changes in the Lake Strzeszyńskie sediments remains unclear, since some authors suggest even slight warming in Europe during these periods (Alverson et al. 2003; Wanner et al. 2011) .
Phase no. 4 (2.7-2.4 kyr cal BP) is marked by two separate dark gray layers with two distinct log(Ca/Fe) minima. It is well correlated with twofold maxima of a quantified testate amoebae-inferred wetness reconstruction from northern Poland. Also, data from other sites in Poland and Europe correspond well to our record (Fig. 6 ). The period around 2.7 kyr cal BP is Fig. 6 Holocene lake levels reconstructed in the present study compared to various wetness records in Poland and Europe. a Age scale; b lithology of the Holocene part of the Lake Strzeszyńskie sediment core (see Fig. 3 for a legend) ; c log(Ca/ Fe) profile of the Lake Strzeszyńskie sediment core; d 9 elevated lake-level periods recognized in the Lake Strzeszyńskie sediment profile on the basis of distinct lithological changes and log(Ca/Fe) minima (see text for discussion); e reconstruction derived from various geological archives ; f reconstruction based on plant macrofossils and testate amoebae (Gałka et al. 2013) ; g multi-site summary (Magny 2004) ; h testate amoebae-derived quantitative water table reconstruction (Lamentowicz et al. 2008) also known as one of the major cold phase in the Holocene (Wanner et al. 2011) .
The remaining three periods indicated in Fig. 6d co-occur with a period of increasing human activity in the catchment region. However, all periods match known central European wet phases (Fig. 6e-h ), indicating that these may not be only local variations. Phase no. 3 (ca. 1.3-1.2 kyr cal BP) correspond to the prominent total solar irradiance minimum at ca. 1.3 kyr cal BP (Steinhilber et al. 2009 ) and falls within Dark Age or Migration Period Cooling dated to ca. 300-800 AD (1.75-1.15 kyr cal BP; Ljungqvist 2010). Phase no. 2 and 1 (0.8-0.6 and 0.4-0.2 kyr cal BP, respectively), in turn, correlate with the Little Ice Age (ca. 0.7-0.15 kyr cal BP; Wanner et al. 2011) , one of the coldest Holocene periods, characterized by synchronisation of solar activity minima and volcanic eruptions, interrupted by some warmer periods (Wanner et al. 2011) . The latter might explain the discontinuity of high lake-level stands in Lake Strzeszyńskie during the Little Ice Age.
The Strzeszyńskie record reveals 9 periods of elevated lake levels marked by faintly laminated dark calcareous mud layers and corresponding log(Ca/Fe) minima that occurred irregularly and lasted from several tens to several hundred years. The periods between these wet shifts varied from 200 to nearly 3000 years but are most frequent over the last 2500 yrs. These long intervals without a record of elevated lake-water periods in Lake Strzeszyńskie (9.2-6.4 and 4.5-2.7 kyr cal BP) are known to consist of several wetter climate phases, as shown by records in other lakes and regions (Fig. 6) . This difference may be due to a smaller magnitude of these climate shifts in the study region. There are some fluctuations of log(Ca/ Fe) in the record that may be interpreted as minima, but they lack the corresponding sedimentary dark gray layers. Consequently, even if these minima correlate well with the previously recognized wet periods in other archives, we do not indicate them as such in our record. This is because such subtle changes may be related to other catchment-scale changes, e.g., in nutrient delivery due to wildfires.
Apart from the dark gray calcareous mud layers, the light gray calcareous mud layer dated to ca. 2.3-1.7 kyr cal BP and characterised by low log(Cr inc / Cr coh ) and high log(Ca/Fe) (Figs. 4, 6 ) is clear in the record. It is considered to represent a particularly dry and/or warm period. Indeed, this 600-year-long period corresponds to the warm Roman Iron Age (PAGES 2k Consortium 2013), when Poland was known to be dry (Lamentowicz et al. 2008) , with the exception of a short-lived cold shift at ca. 2 kyr cal BP (Pędzis-zewska et al. 2015) . In Lake Strzeszyńskie, it was likely a period of lower trophy and enhanced mixing. The former is expressed by decreased organic matter content in sediments as well as by a dominance of chrysophytes that indicates oligotrophic conditions with limited nutrient availability (Cohen 2003) . The low nutrient input to the lake at that time could have been due to the reduced erosion within the catchment due to decreased precipitation. The inferred enhanced mixing, in turn, could be the result of a lowered lake level that can be assumed due to higher evapotranspiration and decreased meteoritic water input. The better oxygenation of lake waters triggered by enhanced mixing could lead to efficient organic matter mineralization (Bloesch 2004) . The feature that strengthened our inference about climatically driven sedimentation during the Roman Iron Age is the short-lived increase in organic matter content at ca. 1.9 kyr cal BP. Taking into account possible age model uncertainties this may correspond to the aforementioned short-lived cold shift.
The observed changes in the sedimentary record of Lake Strzeszyńskie seem to be largely triggered by regional and by global hydroclimatic shifts. The clear evidence of only some of the already reported wet and/ or cold periods throughout the Holocene may be due to the variable local magnitudes of these climatic changes and might suggest the regional variability in overall similar paleoclimatic trends over Europe. As suggested by Magny (2004) in his compilation of central European lake levels, these trends may reflect global-scale variability expressed, for instance, as the so-called Bond cycle (Bond et al. 1997 ).
Conclusions
The Late Pleistocene and Early Holocene sediments of Lake Strzeszyńskie precisely mark the main events and processes that influenced sedimentation within the lake. Changes in the lake deposition are associate with climatically and environmental variations within the catchment, such as soil and vegetation development. After the establishment of dense deciduous forest at ca. 10,200 cal yr BP, the long-lasting stage of stable lake sedimentation prevailed. This stage was terminated at ca. 1600 cal yr BP, when within-catchment deforestations and related enhanced erosion caused a higher trophy in the lake.
The Holocene period is marked by nine episodes of elevated lake level. These episodes revealed distinctly more organic and less calcareous lake sedimentation, accompanied by enhanced Fe deposition. The ages of nine elevated lake levels (ca. 10.1, 9.3, 6.4-6.1, 5.5-5.1, 4.7-4.5, 2.7-2.4, 1.3-1.2, 0.8-0.6, 0.4-0.2 kyr cal BP) show significant correlation with wetter periods recognized in several records from Poland and central Europe. They also partly coincide with well-established supraregional cold periods, including the Bond cycle, which implies that they were largely triggered by regional and global climatic shifts.
